Fungi play crucial roles in the biogeochemistry of terrestrial ecosystems, most notably as saprophytes decomposing organic matter and as mycorrhizal fungi enhancing plant nutrient uptake. However, a recurrent problem in fungal ecology is to establish the trophic status of species in the field. Our interpretations and conclusions are too often based on extrapolations from laboratory microcosm experiments or on anecdotal field evidence. Here, we used natural variations in stable carbon isotope ratios (␦ 13 C) as an approach to distinguish between fungal decomposers and symbiotic mycorrhizal fungal species in the rich sporocarp f lora (our sample contains 135 species) of temperate forests. We also demonstrated that host-specific mycorrhizal fungi that receive C from overstorey or understorey tree species differ in their ␦ 13 C. The many promiscuous mycorrhizal fungi, associated with and connecting several tree hosts, were calculated to receive 57-100% of their C from overstorey trees. Thus, overstorey trees also support, partly or wholly, the nutrientabsorbing mycelia of their alleged competitors, the understorey trees.
In terrestrial ecosystems, fungi are integral components of most biogeochemical cycles. Decomposer fungi degrade organic macromolecules whereas mycorrhizal fungi, symbionts of plant roots, actively forage for plant nutrients (1, 2) . In the complex settings of forest ecosystems, even in those with few plant species, there is often a diverse flora of sporocarps of fungal decomposers and mycorrhizal fungi (3) (4) (5) . However, the trophic status of many fungal species remains unclear: that is, whether they obtain their C by decomposing dead organic material or from living plants by forming mycorrhizal root symbioses (6) . The small size and cryptic growth form of most fungal mycelia effectively restricts in situ observations. Furthermore, the connection between mycorrhizal fungi and their host trees cannot be easily established because many fungi are promiscuous and can receive C from several species of trees (2, 7, 8) . Such fungi form hyphal links transferring C and nutrients between plants and can thus influence plant competition (2, (7) (8) (9) (10) . Recently, it was suggested, after feeding one seedling with 14 CO 2 and one with 13 CO 2 , that there was a net transfer of C from one seedling to another via mycorrhizal connections (8) . However, this type of tracer approach is highly elaborate and cannot easily be used to study a greater complexity: that is, flows of C to many fungal species simultaneously.
Fungal decomposers break down complex C sources like cellulose, hemicellulose, and lignin whereas mycorrhizal fungi receive simpler carbohydrates directly via the plant phloem (1, 2) . These C sources may differ significantly in their natural abundance of the heavy stable carbon isotope 13 C (11, 12) . Accordingly, we speculated (i) that analysis of 13 C abundance could differentiate between saprophytic and mycorrhizal fungi.
We also hypothesized (ii) that, because overstorey trees generally have a higher natural abundance of 13 C than understorey trees (13) , their associated ectomycorrhizal fungi should display similar differences. The higher 13 C abundance of overstorey trees is the result of less pronounced discrimination against 13 C in CO 2 during photosynthesis because of higher illumination (and, therefore, higher rates of photosynthesis) and also because of more exposure to drought stress in overstorey trees (13) (14) (15) . Short plants in a closed forest may obtain particularly low 13 C abundance through assimilation of 13 C-depleted CO 2 derived directly from soil respiration (13) . We also hypothesized (iii) that most of the mycorrhizal fungi ought to receive their C from overstorey rather than from understorey trees because rates of photosynthesis are higher in overstorey trees. To test the three hypotheses (i-iii), we visited two two-storied, successional, temperate forests in Sweden and sampled trees and a large number of fungi to analyze their 13 C abundance.
METHODS
The study was conducted at Åheden in the Svartberget Research Forest, 60 km northwest of Umeå, northern Sweden (64°14ЈN, 19°46ЈE, 175 m above sea level) and at Stadsskogen, an urban forest in Uppsala, central Sweden (59°52ЈN, 17°13ЈE, 35 m above sea level). Both forests had 150-year-old Scots pine (Pinus sylvestris L.) in the overstorey, but with Norway spruce (Picea abies [L.] Karst.) approaching the role of codominant. At Åheden, the dominant Scots pine were 25 m tall, and birch (Betula pendula Roth) was the only understorey species. At Stadsskogen, the dominant Scots pine sometimes reached Ͼ30 m, and understorey deciduous tree species included aspen (Populus tremula L.), birch (B. pendula), willow (Salix caprea L.), and alder (Alnus incana [L.] Moench).
At each site, leaves and current needles were sampled (Ͼ10 g dry weight͞sample) from branches on the south side, close to the top of the tree, from up to 10 specimens per tree species. Between one and eight fruit bodies from each fungal species found at each site were sampled (Table 1 ). Sampling was conducted on an area of 1 hectare at Åheden in August 1997 and at 5 plots with an area of 0.25 hectare each at Stadsskogen in September 1997. Specificity between tree hosts and fungal symbionts was inferred from the literature relevant to the region (16, 17) . Because associations between fungi and potential hosts are based primarily on repeated observations of fruit bodies and not on establishing direct contacts between the two symbionts, the question of specificity must be treated with some caution. In this study, fungal species were only regarded as specific to a single host genus when this was clearly indicated in the literature.
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Hogberg@sek.slu.se. The fungal fruit bodies and foliar samples from plants were dried (70°C, 24 h) and then were ground in a ball mill. Samples were analyzed for 13 C abundance by using an online continuous flow CN analyzer coupled to an isotope mass spectrometer (18, 19) . Results are expressed in the standard notation (␦ 13 C) in parts per thousand (‰) relative to the international standard Vienna Pee Dee Belemnite, where ␦ C. The standard deviation based on analysis of replicated samples was 0.15‰. Linear two-source isotopic mixing models were used to calculate the fractional contribution of two C sources (plant hosts) to the C in conifer-specific and promiscuous fungi. For this, mean values of ␦
13
C for host-specific fungi were used as isotopic endpoints.
RESULTS AND DISCUSSION.
A total of 135 fungal species were sampled; 117 of these are ectomycorrhizal (Table 1 ). All groups of ectomycorrhizal fungi, i.e., host-specific and non-host-specific fungi, had a ␦ 13 C significantly different from that of saprophytic fungi (Tukey's test, P Ͻ 0.05; Fig. 1) . The difference between saprophytic and mycorrhizal fungi was found at both sites and is large enough to be developed as a tool to separate the two groups of fungi. For example, Chalciporus piperatus has been suspected to be mycorrhizal, but this has not been confirmed in experiments in which mycorrhizal syntheses have been attempted (20, 21) . Its high 13 C abundance at both sites (Table 1) would place this fungal species amongst the saprophytes. The difference in ␦ 13 C between tree foliage C and C in saprophytic fungi was Ϸ4‰ (Fig. 1) , which was the difference between wood and fungal decomposers observed by Gleixner et al. (11) .
However, despite the significant differences between the mean ␦
13
C values of saprophytic and mycorrhizal fungi, several ectomycorrhizal fungi had high ␦ 13 C (Table 1) . These latter include Hydnellum ferrugineum, Hydnellum peckii, and Phellodon niger, all of which are known to be ectomycorrhizal (22) . The fruit bodies of these three species are unique among the FIG. 1. Natural abundance of 13 C (␦ 13 C) of fungal fruit bodies and of the host trees of ectomycorrhizal fungi (as indicated by connecting lines) in mixed temperate forests at two sites, Åheden and Stadsskogen, in Sweden. Promiscuous fungi are non-host-specific ectomycorrhizal fungi. Pine (P. sylvestris) is the dominant tree at both sites, most closely followed by spruce (P. abies) and birch (B. pendula). Other trees are A. incana, P. tremula, and S. caprea. Ectomycorrhizal fungi are arranged in groups according to their host specificity (compare with Table 1 ). Bars show SD of single observations. Replicates are individuals in case of host trees; in case of fungi, replicates are species (Table 1) . Nomenclature and host-specificity (in case of ectomycorrhizal species) of fungal species follows Hansen and Knutsen (16, 17) . Brackets around proposed host genera indicate an unknown degree of specificity and the fungi are not included in the specificity groups in Fig. 1 . na, not applicable. ectomycorrhizal fungi we sampled because they exist and grow for a much longer period than any of the other ectomycorrhizal fungi in our study. The mycorrhizal roots associated with fruit bodies of these three species are, as far as we know, also unique in that they appear to be degraded and moribund [carbonized sensu Agerer (22) ]. The partly decomposed state of the mycorrhizal roots and the high 13 C values of the fungal fruit bodies may suggest that the mutualistic balance between the host roots and the fungi may be weighed in favor of the fungi. In both forests, the overstorey Scots pine (P. sylvestris L.) had, as predicted, the highest ␦
C found among the tree species (Fig. 1) but was more or less closely followed by the other conifer, Norway spruce (Picea abies [L.] Karst.), which is the likely climax species at both sites. Understorey broadleaved species had up to 2-3‰ lower ␦ 13 C than the pines. Some of the ectomycorrhizal fungi collected are specific to one host species (Table 1) , as shown by connecting lines in Fig. 1 . Their ␦
C was between 1.2 and 2.9‰ higher than that of their host species (Fig. 1) . This isotopic shift may relate to fractionation during biochemical processes involved in the transfer of C from the host to the fungus, or it may suggest that such transfer occurs under conditions of higher rates of photosynthesis than the average (23) . The isotopic shift between tree and fungus has to be taken into consideration but does not seriously confound the pattern of higher ␦
C in fungi associated with overstorey trees.
Conifer-specific and promiscuous fungi, known to form ectomycorrhizal symbioses with a wide range of both coniferous and broadleaved species, had a ␦ 13 C, which indicated a large C flux from the overstorey pine. At the Åheden site (Fig.  1) , there was no difference in ␦
C between promiscuous fungi (eight species), conifer-specific fungi (eight species), and those specific for pine and spruce; that is, all (100%) of their C came from either of those two hosts or from both of them. At the Stadsskogen site (Fig. 1) , simple isotopic mixing-model calculations indicated that pine contributed on average 57% of the C in promiscuous fungi (33 species) and 81% of the C in conifer-specific fungi (23 species). These calculations were based on the assumption that C comes from pine and spruce only in both cases; a contribution of C from understorey species other than spruce would increase the percent C from pine in promiscuous fungi! At Stadsskogen, three species of the commercially valuable genus Cantharellus (24) were sampled. Their ␦
C values (Table 1) indicated that Cantharellus lutescens and Cantharellus tubaeformis received C from overstorey pine whereas Cantharellus cibarius, the famous golden chantarelle, also received C from understorey trees.
In conclusion, analysis of ␦
C of fungi reveals whether they are saprophytic or ectomycorrhizal and, in the latter case, whether they receive C from overstorey or from understorey trees. It is interesting from an ecological perspective that the many promiscuous fungi (Table 1) , which can associate with and connect both overstorey and understorey tree species, had a ␦
C indicating a large C flux from overstorey trees. Such a flow of C from sunlit overstorey trees to a common ectomycorrhizal mycelium could act as a subsidy against the cost of the symbioses (2, 25, 26) in connected shaded understorey plants and could help them to survive a long period of shading.
